RNase III, an Escherichia coli double-stranded endoribonuclease, is known to be involved in maturation of rRNA and regulation of several bacteriophage and Escherichia coli genes. Clones of the region of the E. coli chromosome containing the gene for RNase III (rnc) were obtained by screening genomic libraries in A with DNA known to map near rnc. A phage clone with the rnc region was randomly mutagenized with a ATnJO element, and the insertions were recombined onto the chromosome, generating a series of strains with ATn10 insertions in the rnc region. Two insertions that had Rnc-phenotypes were located. One of them lay in the rnc gene, and one was in the rnc leader sequence. Polarity studies showed that rnc is in an operon with two other genes, era and recO. The sequence of the recO gene beyond era indicated it could encode a protein of -26 kilodaltons and, like rnc and era, had codon usage consistent with a low level of expression. Experiments using antibiotic cassettes to disrupt the genes rnc, era, and recO showed that era is essential for E. coli growth but that rnc and recO are dispensable.
RNase III, an Escherichia coli double-stranded endoribonuclease, is known to be involved in maturation of rRNA and regulation of several bacteriophage and Escherichia coli genes. Clones of the region of the E. coli chromosome containing the gene for RNase III (rnc) were obtained by screening genomic libraries in A with DNA known to map near rnc. A phage clone with the rnc region was randomly mutagenized with a ATnJO element, and the insertions were recombined onto the chromosome, generating a series of strains with ATn10 insertions in the rnc region. Two insertions that had Rnc-phenotypes were located. One of them lay in the rnc gene, and one was in the rnc leader sequence. Polarity studies showed that rnc is in an operon with two other genes, era and recO. The sequence of the recO gene beyond era indicated it could encode a protein of -26 kilodaltons and, like rnc and era, had codon usage consistent with a low level of expression. Experiments using antibiotic cassettes to disrupt the genes rnc, era, and recO showed that era is essential for E. coli growth but that rnc and recO are dispensable.
RNase III is an Escherichia coli endoribonuclease that cleaves specific double-stranded RNA structures (12, 17) . It is known to initiate maturation of rRNA from 30S precursor RNA (11, 49) and has been implicated in the posttranscriptional processing of the mRNA transcripts of the early genes of bacteriophage T7 (15) as well as some phage T3 (26) , phage lambda (27, 57) , and E. coli genes (14, 32, 45, 51, 52) . RNase III has been shown to process mRNA at the 5' sides of genes either to increase or to decrease gene expression. Such processing may enhance expression by removing base pairing that blocks the ribosome-binding site (16) or reduce expression by cleaving sequences required for ribosome binding (45, 51) . RNase III has also been shown to decrease A int gene expression by processing at the 3' end of the int gene transcript (21, 23) .
Although RNase III is involved in varied and important cellular processes, strains containing a missense mutation, rnc-105 (29) , in the gene encoding RNase III show only a moderate reduction in growth rate and alteration in the expression of a few identified and unidentified proteins (14, 20, 44) . Ribosomes-from mutant strains have 23S rRNA that is incompletely matured yet nevertheless appears to be functional (31) . It is conceivable, however, that RNase III is essential for E. coli, but the rnc-105 mutation does not cause a lethal defect. In these studies, we demonstrate that RNase III is not essential for survival of E. coli.
The rnc gene has been cloned previously, and the sequence of a -5-kilobase-pair (kbp) segment of DNA contiguous to rnc has been reported (1, 37, 38, 43, 55, 58) . Genetic studies reported here show that rnc, era, and recO form an operon. The Era protein binds GTP and contains a GTPbinding motif similar to that of the yeast RAS proteins (1) . Recent genetic studies in another laboratory (P. T DC546  DC547  HT5  HT6  HT21  HT22  HT27  HT30  HT31  HT115  HT119  HT120  HT121  HT142  HT142-1  HT142-2  HT142-3  HT143  HT143-1  HT146  HT148  HT149  HT150  HT150-1  HT150-2  HT150-3  HT150-4  HT200  HT210  HT222  N4903  N6496  NK6042  PA3306  RB132  TAP135   W3110   rpsL his (provided by F. Blattner) were screened by plaque hybridization (36) to the nick-translated probe pTD101 (13, 38 Fig. 4 ). pACS23 was constructed by cutting pACS21 with BssH2 to delete the 40-bp fragment in rnc (beginning 798 bp beyond the EcoRI site in lep), blunting the ends with Klenow polymerase, and ligating with the HinclI kan gene cassette from pUC4K. pACS6 was constructed by cutting both pACS23 and pACS1
with SalI and BstXI. The BstXI-kan-amp-SalI fragment of pACS23 was ligated to the BstXI-era-SalI fragment of pACS1. pCE31 was constructed by inserting the era gene containing the BstXI-to-NruI fragment from pACS1 into pJL6 (34) and then removing all of the rnc sequence to a ClaI site in the third codon of era and replacing it with a synthetic oligonucleotide containing a strong ribosome-binding site (Chen et al., in preparation) .
Plasmids for sequencing the ATnJO insertions were made by digesting with PstI the DNA from XTD1 imm21 phage carrying the insertions. Note that the PstI sites are located in the rnc leader and in era. The resulting 4.3-kbp PstI fragment, carrying the entire ATnJO insertion, was ligated into pUC19.
XTD::ATn1O insertions and transfer of ATnJO to the chromosome. Phage clones XTD1, XTD2, and XTD3 were grown on the defective TnJO transposon A16A17TnJO (ATnJO) donor strain RB132 (56) . Approximately 1 in 106 phage from such infections of RB132 carries a stable ATnJO insertion in its DNA (40) , which confers Tetr. The three XTD lysates prepared on RB132 were used to infect overnight cultures of the A lysogen HT6 at a multiplicity of 1 phage per bacterium. The infected cultures were spread on LB-tetracycline plates, and Tetr colonies were selected. These colonies maintained the ATnJO within the prophage location, as judged by the frequency of Tetr phage isolated by spontaneous induction.
To transfer just the ATnJO from the phage to the chromosome of E. coli, an overnight culture of the nonlysogenic strain N4903 was infected with a XTD1 lysate prepared on RB132, and the infected cultures were spread on LB-tetracycline plates. To reduce phage viability and increase homologous recombination between the phage and the E. coli, the phage for this infection were preirradiated with UV light (approximately 6 x 103 ergs/mm2; Blak-Ray J-225 shortwave UV meter).
Tests for the Rnc-phenotype in recombinants or during complementation. Temperate lambdoid phages normally make turbid plaques on E. coli; on rnc mutants, however, these phages form clear plaques (2) . Plaque morphology was determined by spotting 10 to 20 ,ul of a lysate of X or X imm434 onto a freshly poured lawn of the test bacterium in TB top agar on a TB agar plate. For the Tetd strains, tetracycline was added to the top agar to a final concentration of 6.25 ,ug/ml. Incubation was at 32 or 37°C. Rnc-strains also make increased levels of polynucleotide phosphorylase (45) , which can be seen on a sodium dodecyl sulfate-polyacrylamide gel of an Rnc-cell lysate (47) as a band running at approximately 84 kilodaltons. A third test for Rnc-used here compares the sizes of rRNA produced; rnc+ strains have 23S and 16S species, whereas rnc-mutants have 30S, 23S, and 16S species, as determined by gel electrophoresis (17) .
Physical mapping of the ATn1O insertions. Bacterial DNA from the insertion strains was isolated as described by Silhavy et al. (47) . Southern blots of the bacterial DNA digested with various restriction endonucleases were hybridized (36) to nick-translated phage or plasmid probes containing DNA from the rnc region. The ATnJO insertions were mapped by using BamHI, EcoRI, HincII, HindIII, and PstI digests of chromosomal DNA from the insertion strains. The cat cassette disruptions of era were confirmed by using EcoRV digests, and the kan cassette disruptions of rnc were confirmed by using BstXI.
DNA sequencing. Sequencing was performed with the Sequenase kit (U.S. Biochemical Corp.) and [32P]dCTP, using miniprep plasmid DNA. Locations of the ATnJO insertions were determined by sequencing from synthetic oligonucleotides hybridized within each end of the ATnJO element, priming synthesis into the E. coli DNA. The DNA sequence of recO was determined from both strands of plasmid pACS1 or pACS3, using a series of synthetic oligonucleotide primers.
Haploid segregation experiments. W3110 strains containing XTD1 imm21 prophages with an antibiotic resistance insertion (rnc::kan, era::cat, or recO::kan) were spread on TB plates at a concentration of 5 x 103 cells per plate with 2 x 106 A imm434 Ram54 Ram6O phage and incubated at 39°C. Lysogenic cells will be lysed and killed by the incoming Ram phage; lysis requires complementation by the intact R gene on the prophage. There will be some cells in the original culture (0.1%) that have spontaneously lost the prophage (and its intact R gene) by homologous recombination and cellular segregation (see Fig. 5 ). These form colonies resistant to lysis by phage Ximm434 R. Thus, there is a selection for haploid segregants from the partial diploid lysogens.
Test for the RecO phenotype. The recO mutants are more sensitive than the wild type to UV irradiation (33 55 min, near lep on the E. coli chromosome (5). Plasmid pTD101, which contains the genes lep and lepA (13, 38) , was used as a hybridization probe to screen lambda libraries containing segments of the E. coli genome. Three phage clones, XTD1, XTD2, and XTD3, whose bacterial DNA inserts hybridized to the probe (Fig. 1) , were obtained. Derivatives of these phage clones were used to lysogenize strain HT6, carrying the rnc-105 mutation ( Fig. 1; see  below) . XTD1 and XTD3 complemented the defects of the rnc mutant (Materials and Methods), whereas XTD2 did not. Therefore, RNase III could be functionally mapped to include the 1.4-kbp EcoRI-to-BamHI fragment contained on XTD1 and XTD3 but not XTD2. This fragment was carried on pTD101, which also complemented inc-105.
ATnJO insertions in the rnc region. To facilitate the study of rnc, a series of ATnJO insertions in the rnc region was isolated. XTD1 was mutagenized with a mini-TnJO transposon, A16A17TnIO (zXTnlO) (see Materials and Methods), and two techniques were used to transfer the ATnJO elements from the bacterial segment of XTD1 to the chromosome. By one method, the ATnJO insertions were recombined directly from the ATnJO-mutagenized phage DNA onto the chromosome of N4903, using selection for Tetr. XTD1 lacks a phage repressor gene and cannot form a lysogen. Therefore, after infection, all Tetr colonies analyzed contained simple inserts of the /Tn1O recombined from the bacterial segment carried on the phage into the homologous region of the chromosome (see Materials and Methods). Figure 1 shows the relative locations in the chromosome of insertions TD1-13::ATnJO, rnc-14:::ATnlO, and TD1-17::ATnJO, as determined by Southern blot hybridization (data not shown). P1 transduction was used to transfer the ATn1O insertions to other strains and also to determine linkage frequencies between these insertions and the genes rnc, glyA, purI, and nadB. Strains with insertion rnc-14::/TnJO were phenotypically RNase III defective (Rnc-), and the ATnJO element was located within the rnc gene, as analyzed by both Southern blot mapping and sequencing (see below).
Physical mapping and the linkage frequencies between TD-17::zATnJO, glyA, and rnc mutations (see legend to Fig. 1) indicated the order of the lep-rnc-era-recO segment relative to glyA (Fig. 1) . Other linkage frequencies (data not shown) for putrL and nadB agreed with this order and with frequencies published by others (3, 25, 54 between a PstI site and a HincII site that lay 85 and 28 bp, respectively, upstream of the rnc translational start site. Therefore, these insertions mapped outside of the structural rnc gene yet appeared to block expression of RNase III.
Sequence locations of ATn1O insertion sites. The three insertions, rnc-14::ATnJO, rnc-18::ATnJO, and rnc40:: ATnJO, which affect expression of the rnc operon were recombined from the chromosome onto XTD1 imm2' and subcloned into plasmids; their insertion sites were determined by sequencing the junction fragments (Materials and Methods; Fig. 2 ). In rnc-14, the ATnIO was found to be within rnc, 43 bp from the translation start site. In both rnc-18 and rnc40, the ATnJO was inserted at the same site and in the same orientation, 54 bp upstream of the initial ATG for rnc. Subsequent analyses of rnc-18 and rnc40 yielded identical results, and only those for rnc40 will be discussed.
ATnJO polarity on an essential gene. When the rnc40:: ATnJO insertion was transduced by P1, growth of the haploid, nonlysogenic transductants became Tetd. The original Tetr, diploid parental lysogen had not been dependent on tetracycline for growth. When grown on TB-tetracycline (12.5 ,ug/ml) plates at 37°C, the haploid transductants formed colonies that were slightly smaller than the wild-type colonies; without tetracycline, colonies were not visible after overnight incubation. Even in the presence of tetracycline, the strain remained Rnc-. This insertion therefore appeared to have polar effects on rnc and a gene essential for bacterial growth, which, as shown below, is not rnc. Note that a similar polar effect was not found for the rnc-14 insertion.
Both polarity defects of rnc40 were complemented by plasmid pACS1, which contains the 4.3-kbp EcoRI fragment of the rnc region (Fig. 3) . The rnc defect, but not the growth defect, is complemented by plasmid pACS21, which contains just the EcoRI-BamHI fragment. The growth defect is complemented by plasmids containing an intact era gene, which is just downstream of rnc (1); an intact rnc gene is not sufficient for growth complementation (Fig. 3) .
Because the DNA sequence from the region beyond era revealed an open reading frame to which the gene recO has been mapped ( Fig. 1 and 4) , it was conceivable that the growth defect was caused by polar effects on recO. However, the growth defect was complemented by plasmid pACS4, which contains all of era but not recO. Thus, the ATnJO insertions just in front of rnc had a polar effect on the era gene, and bacterial growth appeared to depend on the expression of era. era is essential; rnc and recO are dispensable. Each of the three genes rnc, era, and recO was interrupted by insertion of an antibiotic resistance cassette as shown in Fig. 5 for the era gene. A cat gene cassette was inserted into the era gene to form plasmid pACS5 and then recombined onto phage XTD1 imm21 (see Materials and Methods). The resulting phage can form a stable, immune lysogen but lacks an attachment site; therefore, Cmr lysogens are formed only by homologous recombination at the rnc era recO chromosomal segment. This lysogenic strain will be diploid only for the homologous bacterial segment carried by the phage (Fig. 5) . During growth of the lysogenic strain, approximately 0.1% of bacteria are spontaneously cured of the prophage (and partial diploidy) by homologous recombination. The prophage can recombine out in two ways, leaving the chromosome either with the intact era gene or with the copy of era disrupted by the cat gene cassette. In general, if the gene disrupted by the cassette is nonessential for survival, then both Cms and Cmr haploid segregants should be found. However, if the gene is essential or the cassette has polar effects on an essential gene, then haploid segregants that maintain the cassette will fail to form colonies and only Cms segregants will be recovered.
In the experiment using the era::cat insertion, haploid segregants that had lost the prophage were selected (see Materials and Methods) and tested for sensitivity to chloramphenicol (Fig. 5) . No Cmr segregants were isolated unless the strain carried a plasmid with an intact copy of the era gene. Southern blotting confirmed the physical map of W3110 and HT142 and showed that a Cmr segregant, HT146, isolated in the presence of plasmid pACS1, carried the cat gene inserted in the single chromosomal copy of era (data not shown). This finding suggests that either era is essential or the insertion cassette is polar on an essential gene downstream. Since plasmid pACS4, which lacks distal genes, also allows segregation of era::cat (5 Cmr of 12 haploid segregants), era is the essential gene. Note that in these latter Cmr segregants (i.e., HT149), the strain became UV , a phenotype indicating a polarity on recO.
To test whether recO encodes an essential function not fully affected by upstream insertions in era, a haploid segregation ekperiment (see above) was performed with HT148. This strain harbors a prophage with a kanamycin resistance cassette (kan) inserted at an NruI site within recO (Fig. 3) . Of the haploid segregants from strain HT148, 78% were resistant to kanamycin and sensitive to UV light, which indicated that recO is not essential ( a, the kan insertion in rnc is incompletely polar on era such that it will complement HT120 on plasmid pACS6 but not in single copy on a XTD1
imm2' rnc::kan prophage; b, plasmid pACS7 complements era poorly such that tetracycline-independent growth of HT120 is slower than with pACS1 but faster than with no plasmid. Complementation by pCE31 is in strain HT121. Results of the haploid segregation experiment to determine an era requirement. The W3110 (XTD1 imm2' era::cat) lysogen, HT142, was transformed with pACS21 (rnc) and pACS1 (rnc era). Symbols: Er!, bacterial chromosomal homology to DNA cloned on XTD1; , phage DNA flanked by the homology. Haploid segregants were isolated as described in Materials and Methods and tested for sensitivity to chloramphenicol.
Finally, insertion of a kan cassette into the rnc gene was examined for effects on cell viability. Of 35 haploid segregants isolated from the culture of strain HT143, a X imm TD1 (rnc: :kan) lysogen of W3110, none were Kanr (Table 2 ). This finding suggests that either rnc is an essential gene or the insertion is polar on an essential gene. Kanr segregants still could not be obtained from HT143 when rnc alone was supplied on a plasmid (pACS21) but could be isolated when both rnc and era were provided (pACS1). Although this result shows the polarity of the kan insertion on the essential era gene, it does not reveal whether rnc itself is essential.
To test specifically whether rnc is essential, the haploid segregation experiment for rnc::kan was performed with plasmid pCE31, which expresses era under the control of the lambda PL promoter and contains no homology to the rnc gene. Previous experiments had shown that the leaky expression of era from the repressed PL promoter of pCE31 is sufficient to complement a strain with the rnc40::ATnJO insertion (HT121) and allow tetracycline-independent growth. Therefore, expression from the repressed PL promoter of pCE31 at 32°C was used to compensate for the polar effects of rnc::kan on era.
Haploid segregants from strain HT150, with the pJL6 vector (HT150-3) or pCE31 (150-4), were examined for obtained. These insertions allowed rnc to be mapped and transcriptionally oriented with respect to surrounding genes and also yielded genetic evidence for an essential gene, era.
The rnc-era-recO region has been sequenced; it can encode peptides in the range of 25 kilodaltons for the rnc gene product, 35 kilodaltons for the era gene product, and 26 kilodaltons for the recO gene product. We have expressed and purified the protein products of both rnc and era (Chen et al., in preparation). The sequence of recO shows two possible in-frame ATG initiation codons (Fig. 4) , one of which lies within the carboxy-terminal end of the era gene.
Evidence indicates that rnc and era are part of the same operon. The termination codon of rnc and the initiation codon for era overlap. Expression of both rnc and era is blocked by a ATnJO insertion, rnc40, upstream of rnc.
Growth of strains carrying this insertion depends on the presence of tetracycline, and this dependence is complemented by plasmids containing a functional era gene. In addition, the haploid segregation experiment showed that a kan cassette inserted in rnc has a polar effect on era expression. This polar effect could be caused either by transcriptional termination before era or by a lack of translational coupling of rnc and era (44) .
The UV sensitivity of strain HT149, with a cat insertion in era, suggests that recO is part of the rnc-era operon. Furthermore, preliminary information suggests that genes distal to recO are not part of this operon (data not shown). Like rnc and era, recO has the poor codon usage characteristic of genes normally expressed at low levels. Both rnc and era are expressed at low levels (Chen et al., in preparation). The rnc40::ATnI0 insertion is located in the leader transcript, within a putative stem-loop structure (Fig. 2) that is processed by RNase III (J. Bardwell and D. Court, unpublished data). It exhibits a polar effect, blocking expression of both rnc and era, but allows expression of era in the presence of tetracycline, perhaps from a transcript originating in the ATnJO element. This element contains two divergent tetracycline-induced genes, tetA and tetR (8, 9, 24) , that are oriented in rnc40 such that the promoter for the tetR gene reads in the direction of rnc. Tetracycline and heated chlortetracycline, a gratuitous inducer of the tet operon (10), allow growth of these insertion strains. We do not know why rnc is not also dependent on the presence of tetracycline, but this difference may be related to the regulation of the rnc operon or to levels of expression required for each phenotype. If, for example, the expression of both proteins from the tetR promoter were reduced 10-fold compared with the level of the normal rnc promoter, this low level might be adequate to allow for full function of Era but not of RNase III.
Experiments in which the genes of the rnc operon were disrupted with antibiotic cassettes and ATnJO transposons show that era is essential for colony growth but that rnc and recO are not. The results for era agree with those presented in a recent report by March et al. (39) , who could not isolate a disrupted era gene at 42°C. Morrison et al. (submitted) have shown that insertion elements located throughout the recO gene affect UV sensitivity and recombination but not normal cell viability. The results for m-c are consistent with the phenotype of strains carrying the rnc-14::ATnJO insertion. This insertion is located within the rnc structural gene and therefore should constitute a null mutation, yet its phenotype is similar to that of rnc-105 mutant strains. We do not understand why this particular insertion, although in the same orientation as rnc40::ATnJO, is not polar on era expression. One possibility could be that translation resumes in the distal segment of the rnc gene, allowing sufficient expression of era. We hope that further studies to understand the different effects of these two insertions will help us to learn about the normal expression of the operon.
If RNase III is not essential, then its processing of mRNA and rRNA must also be dispensable or accomplished by other RNases (18) . It has been shown that in rnc-105 strains, processing of the 30S rRNA precursor is slowed but 16S rRNA is completely and accurately processed (30) , whereas 23S rRNA is incompletely matured (31).
Nashimoto and Uchida (43) found cold-sensitive lethal mutations that map in rnc. They propose that these mutations may prevent E. coli growth at low temperatures by impairing ribosome assembly. We have tested rnc mutant strains carrying the rnc-105 mutation, the ATnJO insertions rnc-14 and rnc40, and rnc::kan (HT222) and found that all can grow at temperatures as low as 18°C. Therefore, most rnc mutations, including nulls, fail to cause a cold-sensitive phenotype. Nashimoto et al. also isolated another mutation in rnc, rev-3, which suppressed a temperature-sensitive mutation in ribosomal protein S12 (42). Stern et al. (50) recently showed that S12 binds to sequences in the 5' end of 16S rRNA and suggested that this interaction may be an early step in ribosome assembly. RNase III, in addition to cleaving 16S rRNA, may play a structural role in ribosome assembly by interacting with S12. Although our results show that RNase III is not essential for ribosome assembly even at 18°C, the particular cold-sensitive rtzc mutation isolated by Nashimoto et al. may cause RNase III to block or poison assembly at lower temperatures, at which the process, at least in vitro, is less efficient (53) .
The Era protein. The function of Era remains unknown. Although the protein was named because of its proposed amino acid homology to the yeast RAS I protein, subsequent computer-assisted analysis (A. Barber, J. Bardwell, H. Takiff, D. Court, and J. Maizel, manuscript in preparation) suggests that it is unwarranted at this stage to assume an evolutionary relationship between the Era and RAS proteins. Nevertheless, the purified Era clearly binds GTP and GDP (39; Chen et al., in preparation).
GTP-binding proteins are currently subjects of considerable research interest. Besides the proteins of the RAS family, whose functions are largely unknown (6) , there are other types of GTP-binding proteins whose functions are better understood. Members of one class, the G proteins, act as signal transducers, altering the activity of specific enzymes in response to other protein interactions (19) . Other GTP-binding proteins serve as translation initiation and elongation factors, mediating interactions of mRNAs, AA tRNAs, and ribosomes in protein synthesis (22, 28) . By analogy, Era could modulate the activity of an enzyme such as RNase III in response to some unknown regulatory signals or might be involved somehow in the translational machinery. We hope that current studies, using strain HT120 and a recently isolated temperature-sensitive era mutation Court, and Y. Nakamura, unpublished data), will help to elucidate the function of this protein.
